The shape of the glucose response curve during an oral glucose tolerance test (OGTT), monophasic versus biphasic, identifies physiologically distinct groups of individuals with differences in insulin secretion and sensitivity. We aimed to verify the value of the OGTT-glucose response curve against more sensitive clampmeasured biomarkers of type 2 diabetes risk, and to examine incretin/pancreatic hormones and free fatty acid associations in these curve phenotypes in obese adolescents without diabetes.
Fasting and 2-h glucose concentrations during an oral glucose tolerance test (OGTT) are used either to diagnose type 2 diabetes or to capture the heightened risk for future type 2 diabetes (i.e., prediabetes) (1) . However, there is a growing interest in finding novel biomarkers and/or models that can identify early metabolic risk abnormalities (2, 3) . One such marker is the shape of the glucose response curve during an OGTT, either monophasic or biphasic, which is proposed to harbor metabolic information not captured by the level of glycemia alone (4) and is a potential predictor for type 2 diabetes in adults (5) .
Youth prediabetes and type 2 diabetes have emerged as major consequences of the obesity epidemic imposing a serious public health burden (6, 7) . Considering that insulin resistance, impaired b-cell function, and impaired incretin effect constitute the pathophysiological mechanisms of youth prediabetes and type 2 diabetes (8) (9) (10) , there is increasing interest in identifying simple biomarkers that can detect impairment in b-cell function heralding type 2 diabetes. Among these are the fasting (11), 1-h (12) , and 2-h glucose concentrations during an OGTT, which signal b-cell failure, measured by the clamp-derived disposition index (DI), and presage progression to type 2 diabetes (8, 13) . Additionally, however, recent cross-sectional studies (14) (15) (16) demonstrated that the shape of the OGTTglucose response curve can differentiate type 2 diabetes risk in Latino and white adolescents without diabetes. Youth with a monophasic glucose response curve manifest an increased risk for type 2 diabetes markers measured by OGTT-derived surrogate indices of insulin sensitivity (IS) and b-cell function. However, because the shape of the glucose response curve was drawn by plotting the time-course change of glucose concentrations during an OGTT, it is likely to be correlated with the various OGTTderived surrogate estimates of IS and insulin secretion. Furthermore, it remains unknown whether incretin hormones, through augmenting insulin secretion and regulating the rate of gastric emptying, might play a role in the shape of the OGTT-glucose response curve. Last, it has not been investigated whether there might be a relationship between free fatty acid (FFA) concentrations during the OGTT and the glucose response curve despite the well-known lipotoxic phenomenon of elevated FFAs in impairing IS and insulin secretion.
Therefore, the purposes of this study in obese adolescents without diabetes were as follows: 1) to verify the utility of the OGTT-glucose response curve, monophasic versus biphasic, against more sensitive clamp-measured biomarkers of type 2 diabetes; 2) to examine whether there are differences in incretin and pancreatic hormone responses between monophasic and biphasic OGTTglucose response curves; and 3) to assess whether there are differences in FFA concentration, a marker of lipotoxicity, between monophasic and biphasic groups.
RESEARCH DESIGN AND METHODS

Participants
A total of 287 obese adolescents without diabetes (138 African American [AA], 140 American white [AW], and 9 biracial; age 10 to ,20 years old; BMI $85th percentile for age and sex; Tanner stages II-V), who participated in our National Institutes of Health-funded K24 grant of Childhood Insulin Resistance (9) (10) (11) (12) (13) (17) (18) (19) (20) from January 2004 through October 2012, were examined. Of them, data from 277 subjects (134 AA, 134 AW, and 9 biracial) were used in the present analysis, whereas 10 subjects were excluded because their glucose responses over the 2-h OGTT could not be classified as either monophasic or biphasic. There were 208 subjects with normal glucose tolerance (NGT) and 69 subjects with prediabetes (15 with impaired fasting glucose [IFG] , 44 with impaired glucose tolerance [IGT] , and 10 with combined glucose intolerance). Participants were recruited through newspaper advertisements, flyers posted on the medical campus, city bus routes, and the outpatient clinics in the Weight Management and Wellness Center and the Division of Pediatric Endocrinology. The study was approved by the institutional review board of the University of Pittsburgh, and written informed parental consent and child assent were obtained from all participants before any research procedures were conducted, in accordance with the ethical guidelines of Children's Hospital of Pittsburgh.
Procedures
All procedures were performed at the Pediatric Clinical and Translational Research Center of Children's Hospital of Pittsburgh. All participants gave a medical history, and underwent a physical examination, and hematologic and biochemical tests. Height and weight were assessed to the nearest 0.1 cm and 0.1 kg, respectively, and were used to calculate BMI. Pubertal development was assessed using Tanner criteria (21) . Body composition was evaluated with DEXA by the measurement of total body fat mass, fat-free mass, and percentage of body fat. Abdominal total adipose tissue (TAT), subcutaneous adipose tissue (SAT), and visceral adipose tissue (VAT) were assessed by either computed tomography (CT) or MRI at the L 4-5 intervertebral space (10, 22) . The switch from CT to MRI was imposed by the study section during the competitive grant renewal process. Note that Klopfenstein et al. (23) demonstrated strong correlation (r = 0.89-0.95) and good agreement (i.e., very small average difference) between CT and MRI for the measurement of abdominal adipose tissue.
Metabolic Studies
After 10-12 h of overnight fasting, participants underwent a 2-h OGTT (1.75 g/kg, maximum 75 g) (19, 24) . Blood samples were obtained at 215, 0, 30, 60, 90, and 120 min for the measurement of glucose, insulin, C-peptide, glucagon, total glucagon-like peptide 1 (GLP-1), glucosedependent insulinotropic polypeptide (GIP), pancreatic polypeptide (PP), and FFA. Fasting blood samples were obtained for determination of the lipid profile, and levels of HbA 1c and adiponectin.
Of the total 277 participants, a subset of 106 participants (70 with NGT and 36 with prediabetes [7 with IFG, 24 with IGT, and 5 with combined glucose intolerance]) were admitted twice within a 1-to 4-week period to the Pediatric Clinical and Translational Research Center for a hyperinsulinemic-euglycemic clamp to assess in vivo IS, and a hyperglycemic clamp to assess insulin secretion, which were performed in random order and synchronized with the OGTT (19, (25) (26) (27) . Each clamp evaluation was performed after a 10-to 12-h overnight fast. Fasting hepatic glucose production was measured before the start of the hyperinsulinemic-euglycemic clamp, with a primed (2.2 mmol/kg) constant infusion of [6,6-2 H 2 ] glucose at 0.22 mmol/kg/min for a total of 2 h, as described previously (19, (25) (26) (27) . After the 2-h baseline isotope infusion period, in vivo IS was evaluated during a 3-h hyperinsulinemic (80 mU/m 2 /min)-euglycemic clamp (19, (25) (26) (27) . First-and second-phase insulin secretion was assessed during a 2-h hyperglycemic (225 mg/dL) clamp, as described before (19, (25) (26) (27) . The plasma glucose concentration was increased rapidly to 225 mg/dL by a bolus infusion of dextrose and was maintained at that level by a variable rate infusion of 20% dextrose for 2 h, with frequent measurement of glucose and insulin concentrations.
Biochemical Measurements
During the 2-h OGTT, blood was collected in chilled aprotinin/EDTA tubes for insulin, C-peptide, and glucagon measurements. Dipeptidyl peptidase-4 inhibitor (10 mL; catalog #DPP4; Millipore, St. Charles, MO) was added before sampling to the aprotinin/EDTA tubes to prevent the enzymatic degradation of total GLP-1, GIP, and FFA. Blood samples were immediately separated in a refrigerated centrifuge. Plasma samples were divided into aliquots and stored at 2808C until analysis. Consistent assay protocols were used for biochemical measurements over the study period. Plasma glucose level was determined by the glucose oxidase method using a glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH), and insulin, C-peptide, and glucagon levels were determined by a commercially available radioimmunoassay (Milllipore), as previously reported (24) . Total GLP-1 was measured on a microplate reader (BioTek, Winooski, VT) using a multispecies total GLP-1 ELISA kit (catalog #EZGLP1T-36 K; Millipore). GIP and PP were measured on the 200 IS System (Luminex, Austin, TX) using a two-plex human gut hormone MILLIPLEX Kit (catalog #HGT-68K-02; Millipore), as described before (10) . FFA was determined using enzymatic colorimetric methods with a (nonesterified fatty acids) NEFA-HR Test Kit (Wako, Osaka, Japan). Adiponectin was measured using a commercially available radioimmunoassay kit (LINCO Research Inc., St Charles, MO). HbA 1c level was measured by highperformance liquid chromatography (Tosoh Medics).
Calculations
Glucose response curve phenotype (i.e., monophasic or biphasic) was defined based on plotting glucose concentrations during the 2-h OGTT. A monophasic response curve was determined by a gradual increase in glucose concentrations until a peak was reached followed by a subsequent decrease in glucose of $4.5 mg/dL (4, 14) . A biphasic response curve was defined by a second rise in glucose concentrations of $4.5 mg/dL after the decline in glucose (4, 14) . An unclassified response curve was determined when the glucose concentrations after glucose ingestion continuously increased until 120 min.
The OGTT area under the curve (AUC) for glucose, insulin, C-peptide, glucagon, total GLP-1, GIP, PP, and FFA was calculated with the use of the trapezoidal method. IS was estimated by the HOMA-IS. Early-phase insulin (i.e., insulinogenic index) and C-peptide secretion during the OGTT were calculated as Δ insulin (or C-peptide) (0-30 min)/Δ glucose (0-30 min), as previously described (18) . The oral DI (oDI), which represents b-cell function relative to IS, was calculated as the product of HOMA-IS 3 insulinogenic index (18) .
Fasting hepatic glucose production was calculated during the last 30 min of the 2-h isotope infusion (230 to 0 min) according to steady-state tracer dilution equations (25, 27) . Hepatic IS was calculated as the inverse of the product of hepatic glucose production and fasting plasma insulin concentration (27, 28) . The insulin-stimulated glucose disposal rate was calculated to be equal to the rate of exogenous glucose infusion during the final 30 min of the hyperinsulinemiceuglycemic clamp. Peripheral IS was calculated by dividing the glucose disposal rate by the steady-state clamp insulin concentration multiplied by 100 (25) . During the hyperglycemic clamp, first-and secondphase insulin concentrations were calculated as described previously (25, 27) . b-Cell function relative to IS (i.e., the DI), was calculated as the product of IS, measured by the hyperinsulinemiceuglycemic clamp, and first-phase insulin secretion measured during the hyperglycemic clamp (25, 27) .
Statistical Analysis
Independent-samples t tests and x 2 analyses were used to compare the two glucose response curve groups (monophasic vs. biphasic). ANCOVA was used to compare phenotypes after adjusting for the potential confounding effects (age, Tanner stage, race, sex, glycemic status, BMI, and fat mass) on phenotypes based on each analytical model. Data that did not meet the assumptions for normality were log 10 transformed; untransformed data are presented for ease of interpretation. Data were analyzed using the PASW version 22.0 statistical software package and were presented as the mean 6 SEM, unless otherwise specified, with significance set at P # 0.05.
RESULTS
Classification Based on Glucose Response Curve
Based on the glucose response curve, 163 participants were classified as monophasic and 114 were categorized as biphasic. Ten participants exhibiting a gradual increase in plasma glucose levels after glucose ingestion without a corresponding fall (i.e., unclassified) were excluded from the present analysis. Figure 1A -E displays the mean glucose curve (Fig. 1A) , and the corresponding mean insulin (Fig. 1B) , C-peptide (Fig. 1C), FFA (Fig. 1D) , and glucagon (Fig. 1E ) curves in each of the monophasic and biphasic groups. Physical and metabolic characteristics of all participants categorized into monophasic versus biphasic groups are presented in Table 1 . The two groups were not different in age, race, sex, Tanner stage, and glycemic status (NGT vs. prediabetes). The monophasic group had higher BMI and total body fat mass, and lower adiponectin concentrations, with no differences in BMI percentile, percentage body fat, and abdominal adiposity. There were no differences in HbA 1c and fasting lipid levels (Table 1) .
Despite similar fasting and 2-h glucose and insulin concentrations between the two groups ( Fig. 1A and B) , participants with a monophasic response curve exhibited higher glucose, insulin, C-peptide, and FFA AUCs (Table 1) . No differences in total GLP-1, GIP, and PP AUCs were found, with a tendency for higher glucagon levels in the monophasic group. The monophasic group had significantly lower HOMA-IS and oDI compared with the biphasic group. All significant differences were independent of BMI, fat mass, and race (Table 1) .
When the OGTT-glucose response curve was analyzed within each sex, both boys and girls with a monophasic versus a biphasic response had significantly lower oDI (boys 0. Of the 106 participants who had synchronized and complete OGTT, hyperinsulinemiceuglycemic clamp, and hyperglycemic clamp data, 66 were classified into the monophasic group and 40 into the biphasic group. Subgroup analyses for physical and metabolic characteristics, and OGTT-based parameters were similar to that of the total cohort analyses, with the exception of the younger age in the monophasic group (Table 2) . After adjusting for age, Tanner stage, race, sex, and glycemic status, participants with a monophasic glucose response curve exhibited significantly higher glucose, insulin, and FFA AUC, and lower adiponectin concentrations, HOMA-IS, and oDI (Table 2) .
When the monophasic and biphasic groups were compared with respect to clamp-based parameters after controlling for age, Tanner stage, race, sex, and glycemic status (Fig. 2) , participants with a monophasic glucose response had significantly lower hepatic and peripheral IS. b-cell function relative to IS (i.e., DI) was significantly lower in the monophasic group compared with the biphasic group (Fig. 2C) , with lack of compensation of first-and second-phase insulin secretion (first phase 240.4 6 25.8 vs. 228.0 6 23.4 mU/mL; second phase 296.4 6 22.7 vs. 284.6 6 31.6 mU/mL, all P . 0.05). The best-fit hyperbolic relationship between IS and first-phase insulin secretion shows a shift to the left toward the origin in the monophasic compared with the biphasic groups (Fig. 2D) .
CONCLUSIONS
The present investigation reveals that adolescents with a monophasic versus a biphasic glucose response curve during an OGTT, despite having similar fasting and 2-h glucose and insulin concentrations, manifest heightened risk for type 2 diabetes characterized by the following: 1) lower in vivo hepatic and peripheral IS; 2) impaired b-cell function relative to IS; 3) lower adiponectin concentrations; and 4) higher FFA concentrations during the OGTT despite higher prevailing insulinemia.
Studies in adults established the concept of the OGTT-glucose response curve (i.e., monophasic vs. biphasic) and subsequently supported that the shape of the monophasic response represents an increased risk for type 2 diabetes through cross-sectional studies (4,29-31). The findings from these cross-sectional studies were further confirmed longitudinally, showing that over a 7-to 8-year follow-up period the conversion rate to type 2 diabetes in prediabetic adults with a monophasic glucose response was nearly double those with a biphasic glucose response (5). However, there is a trickle of cross-sectional studies describing the shape of the OGTT-glucose response curve in youth. Kim et al. (14) showed that during a 2-h OGTT Latino youth without diabetes with a biphasic glucose response compared with those with a monophasic glucose response have a lower OGTT glucose AUC, a higher Matsuda index, a higher insulinogenic index, and better oDI, all of which are surrogate indices estimated from the OGTT. Another study in white obese adolescents demonstrated that the shape of the monophasic glucose response compared with the more complex shapes represented a high risk for type 2 diabetes in terms of altered OGTT-derived surrogate estimates of glucose homeostasis (15) . Another study (16) divided obese girls, based on a nonstandard threshold of 2 mg/dL instead of the accepted 4.5 mg/dL, into the following four types of OGTTglucose response curves: monophasic, biphasic, triphasic, and unclassified. Consistent with previous findings, the monophasic glucose response category showed abnormalities in OGTT-based metabolic parameters, including lower insulinogenic index and oDI compared with the groups of biphasic and triphasic glucose responses. Despite consistent observations in youth, a common limitation is that the main outcome measures were based on the results of an OGTT, which is also the same test from which the glucose response pattern is plotted, hence allowing for autocorrelation and bias using the same parameters of glucose and insulin from a single test.
In the present investigation, we not only support the previous findings of monophasic versus biphasic glucose response, but expand the study to verify the utility of the OGTT-glucose response curve against in vivo evaluation of IS and b-cell function. In the subset of 106 obese adolescents without diabetes who completed all three tests (the OGTT, the hyperinsulinemic-euglycemic clamp, and the hyperglycemic clamp), we demonstrated that adolescents with a monophasic glucose response curve had lower hepatic and peripheral IS with inadequate compensation in first-and second-phase insulin secretion when compared with those with a biphasic response, despite having similar fasting and 2-h glucose and insulin concentrations. This altered balance between insulin action and secretion led participants with a monophasic glucose response to have lower b-cell function relative to IS (i.e., DI), which is considered the strongest metabolic predictor for the development of future type 2 diabetes (32). Thus, the risk imparted by the monophasic glucose response curve during an OGTT, independent of fasting and 2-h glucose and insulin concentrations, is mirrored in lower in vivo IS and impaired b-cell function, two major pathophysiological biomarkers of the heightened risk of type 2 diabetes in youth. Furthermore, when the data set was restricted to only those participants with NGT, youth with a monophasic response had significantly lower HOMA-IS and oDI (in the total cohort), and lower hepatic IS and higher glucose, insulin, and FFA AUCs (in the NGT subset that completed both clamps) compared with those with a biphasic response (data not shown).
Of the total cohort in the current study, 59% of obese adolescents were classified as having a monophasic glucose response, whereas 41% were categorized as having a biphasic response. Previous studies reported that the shape of the monophasic response is the dominant phenotype, with prevalence ranging (after excluding the unclassified group) from 57% to 84% in adults (4, 5, (29) (30) (31) and from 35% to 69% in youth (14) (15) (16) . Based on our present study and other pediatric studies (15) showing, in general, higher biphasic response curve rates than those in adults, together with publications concerning adults, that a biphasic response is associated with younger age compared with the monophasic response (4), it could be postulated that the aging process may have a negative impact on the glucose response curve. Although there were no differences in sex, ethnicity (AA vs. AW), and glycemic status (NGT vs. prediabetes) between the two glucose curve groups, we further scrutinized our analyses concerning the possibility of race-specific disparities in type 2 diabetes risk in youth (6).
Our data showed that even after adjusting for these variables the OGTT-glucose response curve continued to discern a risk for type 2 diabetes.
Our data showed that adolescents with a monophasic response curve compared with a biphasic response curve had a higher FFA AUC despite having a higher insulin AUC, which is suggestive of defective regulation of lipolysis by insulin or insulin resistance of lipid metabolism (33) . This is in line with the lower in vivo IS of glucose metabolism and lower adiponectin concentrations in the monophasic versus the biphasic group. Adiponectin, being an antidiabetic and antiatherogenic marker with low levels associated with obesityrelated metabolic disorders in youth (34) and adults (35) , might be a biomarker of a monophasic glucose response curve. With respect to the elevated FFA concentrations, it is tempting to hypothesize that the lower b-cell function in the monophasic group, whether derived from the OGTT results or measured during the clamp, might be consequent to lipotoxicity. We previously demonstrated (36) that in otherwise healthy, even normalweight children, short periods of ;5 h of exposure to elevated FFA concentrations results in a significant decline in b-cell function relative to IS that is consistent with an acute lipotoxic effect. Results were similar in overweight/obese adolescents (37) . Thus, we postulate that youth with a monophasic OGTT-glucose response curve manifest worse b-cell function secondary to lipotoxicity consequent to an inherent insulin resistance that involves both the glucose and lipid metabolism and manifested in lower adiponectin levels. Further, we attempted for the first time to examine whether the different glucose response curves are driven by differences in incretin concentrations and pancreatic hormones. Our data did not show differences in total GLP-1, GIP, and PP responses during the OGTT between the monophasic and the biphasic groups. However, a tendency for ;7% higher glucagon in the monophasic group compared with the biphasic group was observed. It could be postulated that the inadequate suppression of the glucagon secretion may contribute to the monophasic response through the failure of a rapid fall in hepatic glucose production after the oral glucose load (38) . Additionally, it remains unresolved whether the incretin effect might be different between the two groups despite similar incretin concentrations.
The strengths of the present investigation include the following: 1) a first-time comparison of the OGTT-glucose response curve phenotypes to clamp-measured in vivo IS, insulin secretion, and b-cell function relative to IS; 2) the comprehensive assessment of pancreatic and incretin hormones in relation to the glucose response curve, which to our knowledge has not been reported previously in adults or adolescents; and 3) the balanced representation of white and black youth. Potential perceived limitations would be that we have no data on OGTT glycerol turnover, which could shed light on the mechanisms responsible for the observed relationship between FFAglucose response curve through altered lipolysis. In addition, the OGTT-glucose response curve shape was determined by the results of a single OGTT, which may have limited reproducibility in youth (39) . A recent study in adults (40) examined the reproducibility of the various OGTT-based biomarkers of type 2 diabetes risk, including the shape of the OGTTglucose response curve, and found poor reproducibility. Our preliminary analysis of the previous data set (n = 51), in which participants underwent repeated OGTTs (39), shows 57% agreement on the shape classification (i.e., monophasic vs. biphasic) between two OGTTs (unpublished data). Further investigations of whether consistent patterns or shapes of the OGTT-glucose response curves can be observed in an OGTT duplicates in obese youth might shed light on whether the underlying pathophysiological mechanisms fluctuate or not. Most importantly, however, prospective longitudinal studies are needed to investigate the predictive value of the shape of the OGTT-glucose response curve with respect to progression to prediabetes or type 2 diabetes in obese youth. Further, it remains imperative to perform intervention/prevention trials in obese youth to examine whether any lifestyle or pharmacological approaches could shift the OGTT-glucose response curve from monophasic to biphasic.
In summary, the current study verified the shape of the OGTT-glucose response curve against more sensitive clamp measures of type 2 diabetes risk in AA and AW obese adolescents. Our data reveal that the monophasic glucose response curve portends all of the risk biomarkers of youth type 2 diabetes, including poor b-cell function relative to IS, insulin resistance, low adiponectin concentrations, and altered glucose and FFA metabolism, which cannot be captured by the level of glycemia alone.
